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SUMMARY
Intracellular amyloid fibrils linked to neurodegenerative disease typically accumulate in an age-related manner, suggesting inherent cellular capacity for counteracting amyloid formation in early life. Metazoan molecular chaperones assist native folding and block polymerization of amyloidogenic proteins, preempting amyloid fibril formation. Chaperone capacity for amyloid disassembly, however, is unclear. Here, we show that a specific combination of human Hsp70 disaggregase-associated chaperone components efficiently disassembles a-synuclein amyloid fibrils characteristic of Parkinson's disease in vitro. Specifically, the Hsc70 chaperone, the class B J-protein DNAJB1, and an Hsp110 family nucleotide exchange factor (NEF) provide ATP-dependent activity that disassembles amyloids within minutes via combined fibril fragmentation and depolymerization. This ultimately generates non-toxic a-synuclein monomers. Concerted, rapid interaction cycles of all three chaperone components with fibrils generate the power stroke required for disassembly. This identifies a powerful human Hsp70 disaggregase activity that efficiently disassembles amyloid fibrils and points to crucial yet undefined biology underlying amyloid-based diseases.
INTRODUCTION
Oligomerization of specific proteins into amyloid-type fibrils hallmarks many neurodegenerative diseases. Examples include a-synuclein (a-Syn) in Parkinson's disease, b-amyloid (Ab) and Tau in Alzheimer's disease and tauopathies, and polyglutamineexpanded huntingtin in Huntington's disease (Knowles et al., 2014) . These are late-onset diseases, but the factors determining oligomerization and fibril formation are poorly defined. Even in mutation-driven manifestations, the toxic protein remains latent for years before clinical or microscopic symptoms become detectable. Increasing evidence pinpoints oligomers as the more neuro-toxic conformers of amyloidogenic proteins, but fibrils are also linked to toxicity (Caughey and Lansbury, 2003; Pieri et al., 2012) .
Oligomerization and fibril formation depend on rate-limiting conformational changes in the amyloidogenic proteins generating fibril-nucleating oligomers (Jarrett and Lansbury, 1993) , normally counteracted by cellular protein quality control activities. Molecular chaperones recognize misfolded proteins and respond by either targeting misfolds for degradation or stabilizing folding intermediates to favor refolding, preempting fibril formation (Kim et al., 2013) . A range of different metazoan chaperones and co-chaperones, including Hsp70, J-domain proteins (J-proteins), Hsp110, and small heat shock proteins, associate with a-Syn and other amyloidogenic proteins in oligomeric states, suppressing fibril formation in vivo and in vitro via holdase function (Chen et al., 2011) . Whether metazoan chaperones can directly disintegrate already existing fibrils, however, is less clear. Amyloid disassembly would immediately impact pathophysiology, by affecting levels of amyloids and oligomeric species linked to cell toxicity.
In yeast cells, fibrils are fragmented by a powerful bi-chaperone system consisting of the AAA+ Hsp100 disaggregase and the Hsp70 chaperone and its J-protein co-chaperone (Shorter and Lindquist, 2004; Winkler et al., 2012) . Metazoans, however, entirely lack Hsp100 disaggregases in the cytosol and nucleus, and efficient in vitro disassembly of amyloid aggregates on a physiologically relevant timescale (minutes to hours), has so far not been demonstrated (Bieschke et al., 2009; Duennwald et al., 2012; Evans et al., 2006; Murray et al., 2010 Murray et al., , 2013 . Metazoans do nonetheless solubilize amorphous, stress-induced protein aggregates, both in vivo and in vitro (Rampelt et al., 2012; Shorter, 2011) . Efficient disaggregation of amorphous aggregates, which are considered less stable than amyloid fibrils, is provided by Hsp70, together with co-chaperones of the J-protein family and Hsp110 nucleotide exchange factors (NEFs) (Nillegoda et al., 2015) . J-proteins bind substrates and stimulate ATP hydrolysis by Hsp70, which subsequently traps substrates. NEFs then stimulate ADP release, enabling rebinding of ATP to Hsp70 with concomitant substrate release (Bukau and Horwich, 1998) . However, when tested for the ability to disassemble amyloids in vitro, the human Hsp70 machinery disassembles a-Syn amyloids only slowly, over a timescale of weeks (Duennwald et al., 2012) . The efficacy, and hence pathophysiological relevance, of cellular amyloid disaggregation activity therefore remains unclear.
To investigate the potential of the human Hsp70 disaggregase system for a-Syn amyloid disassembly, we examined the interaction of a variety of constituents of the Hsp70 machinery with a-Syn fibrils preformed in vitro. We found that the constitutively expressed Hsc70 (HSPA8), the class B J-protein DNAJB1, and the Hsp110 family NEFs Apg2 or Hsp105a, form a powerful ATP-driven metazoan disaggregase for specific amyloids, that within minutes, efficiently fragments a-Syn fibrils in vitro into shorter fibrils and promotes depolymerization into non-toxic a-Syn monomers. We visualized and dissected the kinetics of chaperone association with a-Syn fibrils and fibril disintegration by electron microscopy (EM), combined with biochemical and fluorescence techniques. Our findings provide the basis for a model of chaperone function in amyloid fibril disassembly.
RESULTS

A Human Hsp70 Disaggregase Solubilizes a-Syn Fibrils In Vitro
We tested several different components of the human cytosolic Hsp70 system, individually and in combination, for a-Syn fibril disassembly activity, starting with Hsp70-based protein disaggregation reaction conditions established for amorphous aggregates (Rampelt et al., 2012) and a homogeneous substrate of preformed a-Syn amyloid fibrils, verified by negative-stain EM ( Figure 1A ). Solubilized reaction products separated by centrifugation were identified by SDS-PAGE and immunoblotting with a-Syn-specific antibodies. Individually, the constitutively expressed Hsc70, the heat-inducible Hsp70 (HSPA1A), the (B) Solubilization of a-Syn fibrils detected by sedimentation assay. a-Syn fibrils (2 mM) were incubated with individual or combinations of Hsc70, DNAJB1, and Apg2 (at 2, 1, and 0.2 mM, respectively), with or without ATP and ATP regeneration system for 4 hr and subjected to centrifugation, and solubilized a-Syn were detected in the supernatant by immunoblotting. See also Figures S1A-S1C. (C) Sedimentation assays as in (B) with molar ratios of Hsc70:DNAJB1:Apg2 constant at 1:0.5:0.1. The amount of solubilized a-Syn in the supernatant was quantified by western blot and normalized to the percentage of the total a-Syn molecules in the reaction. The graph shows the percentage of disassembled soluble a-Syn species versus incubation time. Inset, zoom into first 60 min. The data are represented as mean ± SEM of three independent experiments. See also Figure S1D . (D) Size-exclusion chromatography (SEC) showing solubilized a-Syn fibrils. Soluble fractions of 4 mM Alexa488-a-Syn-S9C fibrils denatured by 8 M GdnHCl (red solid line) or treated for 4 hr with complete chaperone system (buffer control brown, Hsc70:DNAJB1:Apg2 = 4:2:0.4 mM blue, and 20:10:2 mM black solid lines) were subjected to size-exclusion chromatography. The fluorescence intensity of Alexa488 was monitored for fractions collected from each sample. The absorbance of 20 mM purified a-Syn-S9C monomers at 280 nm was recorded as the control (black dashed line). (E) Relative amounts of monomers and oligomers separated in (D), calculated from the fluorescence intensities. See also Figures S1E-S1G. (F) Sedimentation assay immunoblot showing solubilized a-Syn from Sarkosyl-insoluble a-Syn-YFP aggregates isolated from C. elegans. a-Syn-YFP aggregates were incubated with Hsc70/DNAJB1/Apg2 for 4 hr and subjected to centrifugation, and solubilized a-Syn were detected in the supernatant by immunoblotting. J-protein co-chaperones of classes A (Hdj2; DNAJA1) and B (Hdj1; DNAJB1), and the Hsp110 family NEF Apg2 (HSPA4; HSPH2) are unable to solubilize a-Syn fibrils. Hsc70 with DNAJB1 solubilizes only a small fraction of the a-Syn fibrils ( Figure 1B ). However, with further addition of either Hsp110 family NEF Apg2 or Hsp105a, solubilization increases dramatically in an ATP-dependent manner (Figures 1B, S1A, and S1B). An alternative, Bag family-type NEF (Bag1), is $14% as efficient (Figures S1A and S1B), demonstrating highly selective NEF requirements. DNAJB1-Agp2 combinations containing Hsc70 solubilize fibrils better than those containing stress-inducible Hsp70 (Figures S1A and S1B), and the Hsc70-Agp2 combination shows activity only with class B J-protein DNAJB1, and not with class A DNAJA1 (Figures S1A and S1B), and this activity was not improved by the combination of DNAJB1 and DNAJA1 (unpublished data). Furthermore, higher concentrations of DNAJB1 significantly inhibit the fibril disassembly reaction ( Figure S1C ). We conclude that the Hsc70-DNAJB1-Hsp110 machinery selectively disaggregates a-Syn fibrils very efficiently. We use this combination of chaperones in all further experiments, unless otherwise stated.
Fast Kinetics of Complete Fibril Solubilization
A 1:1 ratio of chaperone complement (Hsc70/DNAJB1/Apg2) to a-Syn (Hsc70:a-Syn monomer) converts 50% of fibrillar a-Syn to soluble material within 8 hr ( Figure 1C ). Higher relative amounts of the machinery compared to fibrils (Hsc70:a-Syn of 2:1 and 5:1), with Hsc70:DNAJB1:Apg2 stoichiometries kept at 1:0.5:0.1, work dramatically faster. At a 5:1 ratio, 50% of a-Syn fibrils convert to the soluble form within 40 min ( Figure 1C ). Solubilized fibril yields are maximally 70%-80% of the total a-Syn, at all ratios tested, possibly due to exhaustion of the chaperone machinery during the 24 hr incubation. The in vitro reaction occurs within minutes at 30 C, and under physiological temperature for human cells (37 C) disassembly is as efficient ( Figure S1D ). The Hsc70 monomer concentration in human cells is around 10 mM (Nollen et al., 2000) and is estimated to be 2,500-fold higher than that of a-Syn monomers . This suggests concentrations required for efficient fibril disassembly in vitro are in principle attainable in cells. For instance, at the 1:1 Hsc70:a--Syn ratio in our assays, the Hsc70 concentration of 2 mM is well within physiological concentration ranges.
We then examined the a-Syn species solubilized after 4 hr incubation with Hsc70/DNAJB1/Apg2. We distinguished monomeric a-Syn from small oligomers using native PAGE and fluorescence assays. Monomeric and oligomeric a-Syn species are present in the disassembled soluble fraction at 1:1 ratio of chaperones to a-Syn fibrils ( Figure S1E ). We also formed fibrils of a cysteine variant of a-Syn (a-Syn-S9C), indistinguishable by EM from fibrils formed of wild-type (WT) a-Syn ( Figure S1F ). Labeling of fibrils with thiol-specific fluorescent dye Alexa488-maleimide (Alexa488-a-Syn) allows sensitive fluorescence detection of solubilized species by gel filtration. Most of the soluble material (>80%) eluted as monomeric a-Syn ( Figures 1D and 1E ). Dye fluorescence is quenched by incorporation into a-Syn fibrils (Kityk et al., 2012) , so tracking fluorescence dequenching in real time shows fibril disassembly ( Figure S1G ). Dequenching depends strictly on the presence of Hsc70/DNAJB1 and ATP and is greatly accelerated by Apg2. Bag1, instead of Apg2, gives $80% less dequenching. We conclude that the human Hsc70/DNAJB1/ Apg2 system constitutes a powerful ATP-driven disaggregase capable of rapidly solubilizing a-Syn fibrils to monomers.
The Human Hsp70 System Solubilizes a-Syn Aggregates Generated In Vivo To assess whether Hsc70/DNAJB1/Apg2 also disassembles a-Syn aggregates made in vivo, we overexpressed human a-Syn fused to YFP in Caenorhabditis elegans muscle cells (van Ham et al., 2008) and isolated detergent-resistant a-Syn aggregates. Upon 4 hr incubation with the human Hsc70/ DNAJB1/Apg2 system and ATP, a-Syn-YFP shifted partially from the pellet to the supernatant after centrifugation ( Figure 1F ). We infer a-Syn aggregates preformed in vivo are efficiently disassembled.
Dual Mechanism of Fibril Disassembly
Two non-exclusive molecular mechanisms accommodate chaperone-based a-Syn fibril disassembly. Fragmentation activity may break fibrils into shorter fragments and finally to monomers. Depolymerization by dissociation of single a-Syn protomers from fibril ends (and perhaps fibril-internal sites) may drive solubilization of fibrils to monomers. We used three approaches to investigate these mechanisms.
First, we estimated the lengths of 600 chaperone-treated and untreated a-Syn fibrils from 64 randomly chosen EM pictures per reaction time point ( Figure S2A ). Depolymerization alone might be expected to decrease length at a similar rate in all fibrils, accompanied by corresponding increase in monomeric a-Syn. The average mature fibril length was $1,000 nm ( Figure 2A) . In reactions lacking chaperones, the fibril length distribution is unaffected over time. With Hsc70/DNAJB1/Apg2 and ATP, longer fibrils (>500 nm length) decrease rapidly in number, with longest fibrils (>2,000 nm), disappearing in 2 min (Figures 2A and S2A ). Short fibrils (<500 nm) abundance, however, increases over the entire 24 hr incubation. This is incompatible with a depolymerization-only mechanism. Fibril shortening by depolymerization alone would also require very high initial depolymerization rates during the noticeably fast first 2 min of reaction and would result in substantial solubilized monomeric material. We did not observe this ( Figure 1C , inset), therefore we checked for fragmentation.
To directly detect fibril fragmentation we preformed a-Syn fibrils capped with biotinylated Avi-tagged a-Syn. This allows fibrils to bind streptavidin-coated magnetic beads ( Figure 2B ) and enables magnetic separation from released material (Inoue and Yoshida, 2006) . Analyses by SDS-PAGE, native PAGE and EM show ATP and chaperone dependent release of wild-type a-Syn, but not biotinylated Avi-tagged a-Syn from capped fibrils ( Figure 2C ). After 2 hr reaction with the complete chaperone system $20% of bound a-Syn was released ( Figures 2C and S2B ). Three cycles of newly added chaperones released additional a-Syn to total 60% of input ( Figure S2C ). Native PAGE shows both monomeric and oligomeric a-Syn species in the released material ( Figure 2D ). EM images of released material show, on average, shorter fibrils than untreated capped a-Syn fibrils, showing chaperones promote both fragmentation and depolymerization ( Figure 2E) .
A third approach characterizes fibril disassembly by fractionating reaction products using density-gradient centrifugation ( Figure 3A ). Monomeric a-Syn is prominent in fractions 1-4; mature fibrils pellet in fraction 25. After 2 min incubation with Hsc70/DNAJB1/Apg2 and ATP, a-Syn is detected in fractions 1-4, 10-19, and 25, but not in 5-9 or 20-24. EM images show fibrils in fractions 10-19 are on average shorter than fibrils in fraction 25 ( Figure 3B ). Reactions with incomplete chaperone mixes detect a-Syn mainly in fraction 25, that is, in an intact fibril form ( Figure S3A ). Efficient fibril shortening therefore requires the full chaperone system. We infer that mature fibrils shorten stepwise, not gradually, into shorter fragments. With increasing incubation time, the mature a-Syn fibril amount in fraction 25 decreases rapidly. Amounts of shortened fibrils in intermediate fractions (10-19 pool II) first (after 30 min) increase and then (after 2 hr) decrease. The position of peak fractions of shortened fibril does not shift during incubation ( Figure S3B ). The amounts of a-Syn in fractions 1-4 (pool I) increased steadily and dramatically after 2 hr ( Figure 3C ), suggesting rapid conversion of short fibrils to monomer as the reaction proceeds. The increase of monomeric a-Syn is non-linear on a logarithmic timescale ( Figure 3C ) and correlates with a steady increase in fibril ends over time. We do not detect a-Syn in fractions 5 to 9 by immunoblot analysis, suggesting the disassembly of short fibrils is very rapid, involving efficient depolymerization.
Chaperone Association with a-Syn Fibrils
For insight into the mode of action of Hsc70/DNAJB1/Apg2, we tested chaperone component binding to a-Syn fibrils. Without fibrils, chaperones float to the top of sucrose-centrifugation gradients, reflecting monomeric or indistiguishable small oligomeric forms ( Figure S3C ). After incubation with a-Syn fibrils, however, individually or in combination, immunoblotting detects Hsc70 and DNAJB1 in fractions 10-19 and 25 also, with fibrils. This implies that these proteins bind fibrils ( Figure 3A ). Immunoblotting detects NEF Apg2 added alone to fibrils only in fraction 25 (Figure 3A, lower panel) . With DNAJB1 and Hsc70, Apg2 appears in shortened fibril fractions 10-19 also, but at levels detectable only by mass spectrometry ( Figure S3D ). Binding of all three chaperones (Hsc70, DNAJB1, and Apg2) to shortened a-Syn fibrils treated with the complete chaperone combination is corroborated by immunogold labeling ( Figure 3D ).
EM Analysis of Fibril Disintegration and Chaperone Binding
We then investigated the molecular features of the fibril disintegration process by EM. An inspection of fractionated samples containing shortened fibrils (fraction 15) by negative-stain EM shows these are frequently coated with large and amorphous globular structures ( Figure 3E ) exceeding the size observed for chaperones associated with fibrils. These structures might represent small a-Syn oligomers originally disassembled from mature fibrils. In many images short fibrils exist that appear aligned ( Figures 3E and S3E ). This is not seen in untreated samples nor in samples incubated with an incomplete complement of chaperone machinery ( Figure S3E ). We surmise that short fibril alignment results from the severing action of Hsc70/DNAJB1/ Apg2 progressively introducing nicks in fibrils and protofilaments of the fibrils, rendering the fibril structure susceptible to breakage during staining on the grid.
Examining sections through reconstructed volumes of fibrils from the sucrose-gradient fractions 25 or 16 by electron tomography reveals further details of fibril structure and chaperone-induced fibril disintegration (Figure 4 ). Untreated fibrils appear smooth, revealing a substructure composed of four protofilaments (Vilar et al., 2008) (Figure 4A ). After incubation with Hsc70/DNAJB1/Apg2 and ATP, however, globular complexes of variable sizes are seen bound to fibril surfaces ( Figure 4C ; Movie S1), as described after negative-stain EM (Figure 3E ). At sites of fibril breakage, we observe fragments consisting of protofibrils or nicked chunks of protofibrils aligned on the grids (Figure 4D ; Movie S1). These protofibrils are thinner (8-12 nm in diameter) than chaperone-decorated mature twisted fibrils (15-25 nm in diameter, dependent on the twist). Protofibrils appear to be unstable and prone to bind to each other. Overall, our EM analyses suggest that the Hsc70/DNAJB1/Apg2 system introduces internal nicks into protofilaments, weakening the fibril structure and generating short protofibril fragments that can dissociate from the fibrils.
Reconstructed EM-tomograms of chaperone-treated fibrils ( Figure 4E ) reveal that each chaperone contributes a distinctive structural signature to the complexes. Hsc70 results in irregular coating of fine and coarse features (2-5 nm in diameter). DNAJB1 coats fibrils more densely, with a uniform layer of 2to 3-nm features with a spacing of about 5 nm along the fibril surface. Sparser decoration is seen for Apg2, with complexes ranging between 5-10 nm in diameter. Hsc70 and DNAJB1 added together result in a combination of their individual features, and the fibril surface has a rougher look, not seen in individual treatments, which may be due to formation of Hsc70-DnaJB1 complexes or alterations in the fibril structure. These observations confirm that all three chaperones independently bind to a-Syn fibrils. DNAJB1 binds most efficiently, fully and uniformly coating the surface, consistent with its established role in substrate recruitment.
Kinetics of Chaperone Interaction with a-Syn Fibrils
For dissection of the fibril disassembly mechanism, we determined the binding constants of DNAJB1-fibril and Hsc70-fibril interactions by fluorescence anisotropy using Alexa488labeled DNAJB1 (Alexa488-DNAJB1) and Hsc70 (Alexa488-Hsc70) ( Figure 5A ). Titration of labeled DNAJB1 or Hsc70 (with ATP) with a-Syn fibrils yielded equilibrium dissociation constants (K D ) of 5.6 ± 0.8 mM and 3.1 ± 0.4 mM, respectively. The affinity of Alexa488-Hsc70 for fibrils increased in the presence of DNAJB1, yielding a K D of 0.17 ± 0.02 mM. DNAJB1 therefore strongly increases Hsc70's affinity for fibrils by 18-fold.
We then investigated the kinetics of these interactions. Alexa488-DNAJB1 associated to a-Syn fibrils at a rate too high to be determined accurately in our setup ( Figure S4A ). Dissociation of Alexa488-DNAJB1 from fibrils was measured by addition of an excess of unlabeled DNAJB1 to Alexa488-DNAJB1-a-Syn fibrils, preventing Alexa488-DNAJB1 rebinding to fibrils after it had dissociated. The addition of unlabeled DNAJB1 results in decreased anisotropy ( Figure S4B ), corresponding to a dissociation rate (k off ) of 0.0185 ± 0.001 s À1 . Based on the measured equilibrium K D and k off , the calculated rate for Alexa488-DNAJB1 association (k on ) to fibrils is 3,303 M À1 s À1 . The association kinetics for Alexa488-Hsc70 was determined at various concentrations of a-Syn fibrils ( Figures S4C and S4D ; Table S1 ). The association of Alexa488-Hsc70 to fibrils with ATP (123 ± 38 M À1 s À1 ; Figure S4C ) is about 30-fold slower than the calculated k on for Alexa488-DNAJB1 but is accelerated 20-fold with DNAJB1 present (2,539 ± 57 M À1 s À1 ; Figure S4D ; Table S1 ). Dis-rupting the J-protein HPD motif, which is essential for interaction with Hsp70 (Tsai and Douglas, 1996) , by mutation to QPN abrogates acceleration of the k on ( Figure S4E ). DNAJB1 stimulation of the Hsc70 ATPase activity is required for efficient Hsc70 association to a-Syn fibrils. The presence of DNAJB1 increases the k on of Alexa488-Hsc70 to fibrils by 20-fold, but increases the k off by only 2.6-fold. The K D of the Alexa488-Hsc70-fibril complex in the presence of DNAJB1 determined directly by equilibrium titration (0.17 mM) is, however, 10-fold lower than the K D calculated from k on and k off values (1.7 mM). This discrepancy may be explained by the existence of biphasic association and dissociation kinetics as observed before (Pierpaoli et al., 1998) , which we cannot resolve in our measurements and precludes precise calculation of K D values based on k on and k off values. Despite this limitation, our results unequivocally show that DNAJB1 acts by accelerating the association of Hsc70 with fibrils in the presence of ATP.
We then investigated the effects of NEFs on DNAJB1 and Hsc70 release from fibrils. To measure DNAJB1 release, we used Alexa594-DNAJB1 (acceptor) and preformed Alexa488a-Syn fibrils (donor) in fluorescence resonance energy transfer (FRET) assays. The addition of Alexa594-DNAJB1 to a population of homogeneous Alexa488-a-Syn fibrils increased acceptor fluorescence, indicative of interaction ( Figures 5B  and 5C ). In contrast, mixing Alexa594-DNAJB1 and Alexa-488-labeled monomeric a-Syn did not ( Figure S4F ). DNAJB1 therefore interacts with fibrils, but not with monomeric a-Syn-S9C. The addition of Hsc70 with ATP drops acceptor fluorescence to levels between those of free and fibril bound Alexa594-DNAJB1 ( Figures 5B and 5C ). This suggests ATP binding/hydrolysis by Hsc70, or subsequent Hsc70 binding to a-Syn fibrils, increases the distance between DNAJB1 and a-Syn fibrils. Further addition of Apg2 ( Figures 5B and S4G) reduces acceptor fluorescence to similar levels as unbound DNAJB1, though only when Hsc70 is present. We conclude that the interaction of Apg2 with Hsc70 dissociates DNAJB1 from a-Syn fibrils.
To measure Hsc70 release, we monitored the effects of Apg2 on the k off of Alexa488-Hsc70 from a-Syn fibrils by anisotropy. The addition of Apg2 to Alexa488-Hsc70-fibril complexes formed in the presence of DNAJB1 led to very rapid decrease in anisotropy, which precluded determination of the dissociation rate ( Figures 5D and S4H) , reflecting rapid dissociation of Alexa488-Hsc70 from the fibrils. At low Apg2 concentrations, anisotropy subsequently slowly increased again, suggesting that after initial dissociation from the fibrils, Alexa488-Hsc70 can slowly rebind and start a new binding cycle. Our data are consistent with a scenario in which Apg2 accelerates ADP dissociation from Hsc70, followed by subsequent rapid association of ATP with Hsc70, triggering substrate release.
Substituting Apg2 with the NEF Bag1, which belongs to a distinct protein family, results in dramatically lower rates of Alexa488-Hsc70 dissociation from fibrils ( Figure 5D ), even at Bag1 concentrations that lead to similar nucleotide exchange rates in Hsc70 as those achieved by Apg2 ( Figure S4I) . This difference in efficiency of Hsc70 release from fibrils correlates with markedly differing fibril disassembly activities: Apg2 accelerates efficient fibril disassembly, whereas Bag1 is poorly effective at all concentrations tested ( Figure 5E ). Importantly, Apg2 works optimally at substoichiometric Apg2 to Hsc70 ratios of 1:10 to 1:20 and is inhibitory at higher ratios, such as 1:1 to 1:2 ( Figures S4J and S4K ). We conclude that there is high specificity for NEFs of the Hsp110 family as cochaperones for Hsc70-mediated amyloid fibril disassembly.
Fibril-Protruding a-Syn Regions Are Essential for Disassembly Biophysical data implicate residues 30 to 110 of each a-Syn molecule in b-structure formation with neighboring a-Syn molecules, to form the fibril core structure, leaving N-and C-terminal regions of each a-Syn molecule flexible and exposed in the fibril (Vilar et al., 2008) . We examined the role of a-Syn exposed regions during chaperone fibril disassembly. As reported, a-Syn 30À110 fragments form fibrils ( Figure 6A) , but a-Syn 30À110 fibrils are not disassembled by the Hsc70/DNAJB1/Apg2 machinery ( Figure 6B ). To pinpoint the critical step preventing disassembly, we assessed chaperone ability to associate with a-Syn or a-Syn 30À110 fibrils, using anisotropy ( Figure 6C ). Hsc70 associates with a-Syn 30-110 fibrils when added separately, but recruitment of Hsc70 to fibrils by DNAJB1 and release of Hsc70 by Apg2 is less for a-Syn 30À110 fibrils than for WT fibrils. Possibly, the N-and/or C-terminal parts of the a-Syn molecule provide a specific binding platform for functional formation of the composite Hsc70/DNAJB1/Apg2 machinery required. This result nonetheless indicates the N-and C-terminal regions of a-Syn are critical for productive chaperone targeting.
Disassembled a-Syn Species Are Less Toxic Than Fibrils For many amyloidogenic proteins, including a-Syn, small, soluble prefibrillar oligomers are more toxic to cells than mature fibrils (Haass and Selkoe, 2007) . Toxicity has also been reported for a-Syn fibrils preformed in vitro and applied externally to cultured cells (Bieschke et al., 2010; Pieri et al., 2012) . A pertinent question therefore is whether fibril disassembly by the human Hsp70 system is beneficial or toxic for cells.
We incubated SH-SY5Y neuroblastoma cells with either preformed a-Syn fibrils or total or soluble fractions of chaperonetreated a-Syn fibrils. Using the MTT cellular viability assay, we found that fibrils formed in vitro were toxic, whereas a-Syn monomers were not ( Figure 7A ). Prior incubation of fibrils with Hsc70/DNAJB1/Apg2 and ATP for 2 hr slightly reduced the toxicity of total incubation mixtures. Since these reactions contain a mixture of $80% fibrils and 20% solubilized material, we separated fibrils from disassembled soluble material by centrifugation and assessed toxicity of only the disassembled material present in the supernatant. Added externally, the soluble material consisting of both monomers and small oligomers ( Figures 1D, 2D , and S1E) was markedly less toxic than equivalent amounts of a-Syn in reactions treated (monomerized and fragmented fibrils) or untreated (full fibrils) with chaperones ( Figure 7A) .
To further assess toxicity of intermediate a-Syn disassembly species, we used a two-step purification procedure. We treated Avi-tag capped a-Syn fibrils with chaperone combinations (Figure 2B) , then separated longer/intact fibrils from disassembled material on streptavidin-coated magnetic beads and fractionated disassembled material by centrifugation ( Figure 7B ). This avoids pelleting of newly generated oligomers and fragmented fibrils with original fibrils and allows separation of fragmented fibrils from soluble small oligomers and monomers. Reactions without chaperones liberate no a-Syn species from bead-tethered fibrils and neither the total (T) nor supernatant (S) of the material released is toxic. After 4 hr reaction with Hsc70/DNAJB1/ Apg2 and ATP, the total material released (T) was toxic to neuroblastoma cells. Equal a-Syn concentrations from the soluble supernatant (S), however, were much less toxic to cells than pellet material containing fibril fragments (P). We infer short fibrils and fragments generated by chaperones are not less toxic to cells. However, complete depolymerization of a-Syn fibrils by this chaperone system does alleviate toxicity.
DISCUSSION
Here, we demonstrate that human Hsc70, together with DNAJB1 and Apg2, constitutes a powerful ATP-dependent amyloid disaggregase, which in vitro solubilizes a-Syn fibrils within minutes. The final products of the disassembly reaction are soluble, largely monomeric a-Syn species that are less toxic when added exogenously to neuroblastoma cells than intact, or fragmented a-Syn amyloid fibrils. Disaggregation may therefore contribute to the characteristic late onset of Parkinson's disease, and potentially even revert some pathophysiology. However, incomplete disassembly of a-Syn fibrils by Hsc70/ DNAJB1/Apg2 generates short fibrils and oligomeric species that are toxic and perhaps may even increase amyloid seeding capacity in vivo. The Hsp70-based disaggregase activity therefore has Janus head features, the pathophysiological manifestation of which may depend on the balance of cellular proteostasis.
The existence of a powerful amyloid disassembly activity by a human chaperone system contrasts with earlier reports showing either no activity (Bieschke et al., 2009; Evans et al., 2006; Murray et al., 2010 Murray et al., , 2013 or weak, up to 720-fold lower, activity, requiring 30-day incubations with chaperones for 50% disassembly (Duennwald et al., 2012) . Failure to detect robust Hsp70-based disassembly activity in earlier studies probably reflects the specificity of the Hsp70 machine assembled. For instance, efficient a-Syn fibril disassembly activity requires substoichiometric levels of the NEF relative to Hsc70, is abolished at the 1:1 ratio used earlier (Duennwald et al., 2012) , and needs a highly specific set of chaperone components. Regarding Hsp70s, we find the heat-inducible Hsp70 (HSPA1A) with DNAJB1 and Apg2 disassembles fibrils less efficiently than the constitutive Hsc70 (HSPA8) ( Figure S1 ). Fibril disassembly is therefore a ''housekeeping'' activity of the Hsp70 machinery itself. Of J-protein family members tested, only class B J-protein DNAJB1 supports fibril disassembly; class A J-proteins DNAJA1 ( Figure S1 ) and DNAJA2 (data not shown) do not. Selectivity may be due to finely tuned substrate-specific differences among Jproteins in cooperation with Hsp70. For example, both DNAJA1 and DNAJB1 bind to fibrils, but DNAJB1 promotes much better loading of Hsc70 to a-Syn fibrils than DNAJA1 (data not shown). Regarding NEFs, members of the Hsp110 class (Apg2 and Hsp105a) strongly enhance fibril disassembly, but Bag1 (which lacks ATPase activity) does not ( Figures S1 and S5E) .
Disassembly of a-Syn fibrils by Hsc70/DNAJB1/Apg2 occurs through ATP-dependent fragmentation and depolymerization, generating smaller fibrils, oligomers, and monomeric a-Syn. The main argument supporting a dual fragmentation-depolymerization mechanism is the time course of generation of these species during the reaction. Fragmentation of large fibrils into shorter ones occurs within a few minutes, well before corresponding amounts of solubilized (e.g., monomeric) a-Syn species appear. Depolymerization to monomers, on the other hand, occurs at time points (e.g., during early and late phases of the reaction) when fragmentation processes alone cannot account for these products. Liberation of single a-Syn molecules from fibril ends is energetically less demanding than extraction from internal sites. We therefore assume depolymerization occurs predominantly at preexisting fibril ends and at protofilament and fibril ends newly generated by fragmentation.
The relative contribution of depolymerization versus fragmentation to the overall disassembly reaction is difficult to assess. Based on the kinetics of monomer and fragmented fibril appearance during chaperone action, we estimate that generation of (C) Model for chaperone-mediated disassembly of a-Syn fibrils. Individual DNAJB1 (blue), Hsc70 (purple), and Apg2 (green) chaperone components interact with a-Syn fibrils (yellow). With the complete Hsc70/DNAJB1/Apg2 system, DNAJB1 binds rapidly along the entire length of fibrils (step 1) and recruits Hsc70 in the ATP (T) state. Upon ATP hydrolysis, DNAJB1-Hsc70 complexes are formed on the fibril surface (step 2). The DNAJB1-Hsc70-mediated reaction alone confers low basal fibril disassembly activity. NEF (Apg2) binding to the DNAJB1-Hsc70 complex catalyzes ADP release from Hsc70 (step 3), followed by rebinding of ATP to Hsc70. This promotes rapid release of Hsc70, DNAJB1, and Apg2 from the fibril (step 4).
Step 4 is thought to involve structural changes in the chaperone complex, eliciting a power stroke that liberates a-Syn molecules from internal sites and ends of fibrils. Iterative cycles of fibril binding and release successively introduce nicks into protofilaments and protofibrils, progressively disintegrating fibrils until fragmented. This process increasingly generates free fibril ends, which are preferred sites for depolymerization, liberating monomeric a-Syn. monomers via depolymerization is much faster (approximately 1,000-fold) than generation of physically detached fibril fragments. However, this estimate does not take into account the generation of ''nicked'' fibrils, during which protofilaments severed by the action of chaperones remain attached to fibrils, via hydrophobic and electrostatic interactions between the intertwined protofilaments of the fibrils (Khurana et al., 2003) . The existence of such nicked fibrils is indicated by EM images of fibril disintegration sites and likely accounts for ''fragile fibrils'' generating aligned arrays of short fibrils in many EM images ( Figures 3E,  4D, S2A, and S3E ). Tomogram analysis of fragmentation sites shows parallel protofibrils, chunks of protofibrils, and globular oligomers attached to each other and to unnicked protofibrils. We speculate that through pulling/extraction of a-Syn molecules internal to the fibrils, the chaperones create nicked protofilaments, by which fibrils are weakened against tensile and shearing forces generated during negative-stain EM preparation. Ultimately, this nicking activity will generate protofilament and protofibril fragments short enough to dissociate from the fibrils and lead to complete fibril fragmentation. Nicking will increase the number of new filament ends, facilitating chaperone-mediated, or even spontaneous, rapid depolymerization. This disassembly reaction feature may allow limiting formation of shorter, more toxic a-Syn fragments and oligomers with amyloid seeding capacity.
Although each chaperone can separately associate with fibrils, disassembly requires all three components. Consistent with this, the range of differently sized globular structures that decorate fibrils in the presence of Hsc70/DNAJB1/Apg2 and ATP includes larger structures, most likely dissociated a-Syn oligomers, not present when chaperones are added separately (Figures 3, 4 , and S3E).
Kinetic analysis of the concerted action of Hsc70/DNAJB1/ Apg2 leads to the model of fibril disassembly shown in Figure 7C . DNAJB1 rapidly associates with fibrils and accelerates subsequent recruitment of Hsc70 by stimulating Hsc70 ATPase activity. Binding of Apg2 then promotes rapid dissociation of Hsc70, DNAJB1, and Apg2 itself. The Apg2-stimulated dissociation of all three chaperones is a critical step for disassembly. Specifically, the dissociation of Hsc70 and DNAJB1 from fibrils through spontaneous nucleotide exchange (without Apg2) is inefficient in triggering fibril breakage or depolymerization. We surmise that the allosterically controlled, coordinated dissociation of all three chaperone components from the fibrils involves physical forces that generate the power stroke required for extraction of a-Syn molecules.
While several of these kinetic features are consistent with the current model of the Hsp70 cycle (Mayer, 2013) , our results also reveal aspects relating to the role of the NEF. First, Apg2 promotes dissociation from the substrate of both Hsp70 and DNAJB1. This contradicts a previous ''clamping and walking mechanism'' proposed for Hsp110, Hsp70, and J-proteins acting on a substrate (Mattoo et al., 2013) . That mechanism predicts that Hsp110 increases the lifetime of all three components on the surface of the aggregate during cooperative action, the opposite of what we find here. Further, Apg2 greatly accelerates the dissociation of Hsc70 and DNAJB1 from fibrils even at reactant concentrations, which, without fibrils, only partially stimulate nucleotide exchange by Hsc70 ( Figure S4I ). Perhaps the local environment of the Hsc70/DNAJB1/Apg2 complex on the fibril surface, together with Apg2 binding to the fibril, targets Apg2 to Hsc70 for nucleotide exchange. Also, in contrast to Apg2, Bag1 hardly stimulates Hsc70 dissociation from fibrils and fibril solubilization, even at concentrations at which Bag1 and Apg2 NEF activities are comparable. This suggests either a NEF-independent role of Apg2 in fibril disassembly or a finely tuned regulation of the NEF activity of Apg2 in concert with Hsc70, DNAJB1, and fibrils, to which Bag1 is insensitive.
A salient finding is that deletion of a-Syn N-and C-terminal regions (a-Syn 30À110 ) protruding from the fibril axis (Vilar et al., 2008) completely abrogates fibril disassembly by Hsc70/ DNAJB1/Apg2. Unexpectedly, chaperone association per se is not compromised. Instead, the cooperation, at least between Hsc70 and DNAJB1, leading to correct targeting and activation of Hsc70, is defective. We surmise that the truncated a-Syn 30À110 fibrils lack the local environment permitting the ordered association of the three chaperone components needed to generate the power stroke driving disassembly. a-Syn 30À110 fibrils may in addition have subtle structural differences to WTa-Syn fibrils that confer increased resistance to disassembly activities.
Our findings demonstrate efficient reversal of a-Syn fibril formation by a specific human Hsp70 chaperone machinery. This adds a new layer of complexity to the biology of amyloid protein fibrils. Definition of parameters influencing cellular a-Syn fibril disaggregase activity, including cooperation with other components of the chaperone network, should contribute to defining the pathophysiology of Parkinson's disease and clarify apparent links to the mechanisms of aging. Furthermore, determining the spectrum of amyloid proteins subject to Hsp70 network-dependent disaggregation should inform on the extent to which this disaggregase activity may be relevant for other amyloid protein-driven diseases.
EXPERIMENTAL PROCEDURES
Fibril Formation 200 mM purified and sterile a-Syn or a-Syn-S9C monomers were incubated in 1.5-ml microfuge tubes with orbital shaking at 37 C for 1 week. The details are given in the Supplemental Experimental Procedures.
Sedimentation Assay a-Syn fibrils or a-Syn-YFP aggregates were incubated in disaggregation buffer (50 mM HEPES-KOH [pH 7.5], 50 mM KCl, 5 mM MgCl 2 , and 2 mM DTT, supplemented with 2 mM ATP and ATP regeneration system [3 mM PEP, 20 ng/ml pyruvate kinase; PK]) and incubated with chaperones for various times at 30 C. ATP, PEP, and pyruvate kinase were omitted as shown (ÀATP). Fibrilchaperone mixtures were centrifuged at 16,000 g, 30 min, and 4 C. We quantified a-Syn levels in supernatant or pellet on western blots by anti-a-Syn or anti-GFP mouse monoclonal antibodies with ImageJ software.
Fibril Fragmentation Assay
Biotin-labeled a-Syn-Avi monomers mixed 1:100 with preformed wild-type fibrils were incubated 4 days at 37 C and used to monitor fibril fragmentation. The details are given in the Supplemental Experimental Procedures.
Sucrose-Gradient Centrifugation a-Syn were incubated with or without chaperones in the disaggregation buffer at 30 C for the indicated time intervals. Then the reaction mixture was applied to 15%-60% sucrose gradient and centrifuged at 86,419 g for 2.5 hr at 4 C. After centrifugation, fractions were manually removed and aliquots were taken for SDS-PAGE and immunoblotting. The details are given in the Supplemental Experimental Procedures.
Fluorescence Assays
Purified DNAJB1-G194C, Hsc70-T111C, C267A, C574A, C603A, a-Syn-S9C monomers, and preformed a-Syn-S9C fibrils were labeled with Alexa Fluor 488-C5-maleimide or Alexa Fluor 594-C5-maleimide and applied for disaggregation, gel filtration, anisotropy, or FRET. The details are given in the Supplemental Experimental Procedures.
Electron Tomography
A tilt series of negative-stain sucrose gradient samples was collected with SerialEM. Images were recorded on a 200 kV Tecnai F20 EM (FEI). The fiducial-free alignment of tilt images and tomogram reconstructions was carried out in IMOD. For each combination of chaperones, we reconstructed and analyzed 15 to 20 tomograms. The details are given in the Supplemental Experimental Procedures.
A full description of the Experimental Procedures can be found in the Supplemental Experimental Procedures.
ACCESSION NUMBERS
Tomographs of untreated and chaperone-treated a-Syn fibrils have been deposited in the EM Data Bank with the respective accession codes EMDB: EMD-3094, EMD-3095. 
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